Rice plays a vital role in global food security, and its yield needs to be increased to meet escalating demand. Although many high yield quantitative trait loci (QTLs) have been identified in the last decades, rice grain yield in the main rice-producing countries is stagnating since the middle of the 1990s. By summarizing the yield performance of high-yielding QTL lines, we found that almost all the high-yielding QTL introduced lines had no practical usage in current high yield breeding programs, due mainly to their low absolute grain yield. Further analysis showed that scientists primarily focused on spikelets number per panicle alone rather than other yield traits, and, in most of the studies, the yield increase was referenced to very old cultivars. By analyzing the yield traits correlations across cultivars in both field and pot conditions, and yield traits correlations across different eco-sites using the same cultivars, we demonstrated that the rice high yield will be rarely achieved by using single-trait approaches due to the traits trade-offs. Building on this, several recommendations are provided to the next generation of biotechnological breeding in rice.
Introduction
Enhancing crop production is a global challenge since the rate of population growth currently exceeds the increase of food production (Godfray et al., 2010) . It has been forecasted that more than 70% primary foodstuffs will be needed by 2050 (Long et al., 2015) . Because of rapid urbanization process, available land for crops cultivation has been decreasing rapidly; therefore, increasing grain yield per unit land area is envisaged as the only way to meet the increasing global demand (Long et al., 2015) .
Agricultural producers draw on a multitude of technologies to ensure efficient, sustainable, stable and high-quality crop production. Genetics has been the foundation of crop improvement since the dawn of agriculture. New genome technologies have transformed genetics into an information-rich (driven) discipline.
Rice (Oryza sativa L.) is one of the most important crops for more than half of the world's population, and its grain yield is determined by four yield components: number of panicles per unit area, spikelet number per panicle, seed setting rate, and grain weight.
Theoretically, improving rice grain yield can be potentially achieved by increasing a single yield component or any combination of multiple increases. However, the seed setting percentage in rice is very close to its upper limit, and its further improvement might be limited. Rice genome has been well sequenced, and structural and functional rice genomics have been analyzed based on its full genome sequence (Goff et al., 2002; Yu et al., 2002; Wang et al., 2018) . Such studies facilitated marker development and quantitative trait loci (QTLs) identification (Xu et al., 2012; Chen et al., 2014) . Over the last decades, many high-yielding rice QTLs have been identified (Xing and Zhang, 2010; Miura et al., 2011; Wing et al., 2018) , such as GN1a (Ashikari et al., 2005) , GhD7 (Xue et al., 2008a) , SPIKE (Fujita et al., 2013) and TGW6 (Ishimaru et al., 2013) , and it has been reported that grain yield increased over 50% under experimental conditions by integrating a single QTL of Ghd8 (Yan et al., 2011) . Moreover, high yield varieties are expected to be achieved by pyramiding high-yielding QTLs using biotechnology more rapidly compared to conventional breeding (Long et al., 2006; Xing and Zhang, 2010) . However, the average annual rice grain yield in China and Japan -where most of high yield QTLs were identified -are still stagnating (Fig. S1 ). Facing this picture, 4 / 22 one may rightfully ask: why identifying high yield QTLs (genes) did not dramatically improve rice grain yield in farmland? If the biotechnological strategies did not work in the near future, how should the further 70% additional rice yield be obtained?
Here we performed a synthesis analysis based on published data, new data generated by this study, and a comparative study between Taoyuan and other yield testing nurseries to reveal why high yield QTLs did not work well in improving rice yield.
Materials and Methods

High yield QTLs
To evaluate the contributions of high yield QTLs to rice grain yield under nonstress conditions, research papers were searched from the Web of Science database (Clarivate Analytics, Boston, MA; Table S1 ). To date, hundreds of QTLs for rice yield have been reported, however, only a few of these QTLs have been clearly characterized.
To ensure the conclusions reliable, only the clearly characterized QTLs (genes) were included. The studies without grain yield of the wild-type and/or its QTL introduced mutants were excluded from our analysis. Hence, some reputed high yield QTLs, such as GN1A (Ashikari et al., 2005) , GhD7 (Xue et al., 2008b) , GS5 (Li et al., 2011) and DTH8 (Wei et al., 2010) , had to be excluded due to the lack the grain yield values.
Moreover, the high yield QTLs under abnormal growth conditions (i.e. stress conditions) were also excluded. Grain yield of both wild-type and its QTL introduced mutants were extracted as well as yield components when available.
Field experiment
Four field experiments were conducted at Wuxue, Hubei, China (29°59'50"N, 15°36'56"E) in 2013-2015. The soil chemical properties were shown in Table S2 .
Totally, 55 genotypes with high variable spikelets number per panicle as well as panicle number were used in those experiments. A completely randomized block design with four replications was adopted in all the experiments, and rice plants were grown in different growth seasons to create the variability. Local field management was adopted.
At physiology maturity, 12 hills in each plot were harvested to determine the yield components. Panicle number was converted to per square meter multiplying by plants'
density. The filled spikelets were separated from unfilled spikelets after submerging them in tap water, and the empty spikelets were separated from the half-filled spikelets through winnowing. The spikelets per panicle, and grain filling percentage (100 × filled spikelet number/total spikelet number) were calculated. The grain yield was determined from a 5 m 2 area in each plot (30 m 2 ). For all the measurements of four field experiments were following the same protocol.
Pot experiment
The pot experiment was conducted in Huazhong Agriculture University, Wuhan, China in 2014. In this experiment 88 genotypes were used. Seeds were sow in 13.0 l pot filled with paddy soil and four replicates for each genotype. At two leaves stage, the plants were thinned to single plant per hill with a density of three hills per pot. During the experiments, the plants were well watered (at least 2cm water level was maintained).
Pests and diseases were controlled using insecticides and fungicides. At physiological maturity, yield and yield components for each pot were measured. The measurements of spikelets number per panicle, seed setting percentage, and grain weight were performed following the same protocol as in the field experiments. The grain yield and panicle number were measured for each separate pot.
High rice yield in Taoyuan
The peer reviewed articles were searched from the Web of Science, Scopus, and analysis. The summary information of those studies can be found in Table S3 .
Statistical analysis
One-way ANOVA analysis was used to test the differences in yield and yield component traits at Taoyuan and at other sites. Regression analyses were performed to test the correlations between parameters. All analyses were performed in R (R Core
Team, 2018).
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Results
1
High yield QTLs
2
In our database, 19 identified rice high yield QTLs were included (Table S1, and spikelet number per panicle was observed under both field and pot conditions (Fig. 19 3). 
Rice yield in the special eco-site Taoyuan
21
The average grain yield at Taoyuan was significantly higher than that of the sites 22 outside Taoyuan (Fig. 4) . The average grain yield in Taoyuan was 14.2 t ha -1 with the 23 ranges from 6.3 t ha -1 to 18.7 t ha -1 and the average grain yield of other sites was 9.07 t 24 ha -1 with the ranges from 5.5 t ha -1 to 13.2 t ha -1 . As expected, the yield components,
25
except grain weight at Taoyuan were significantly higher than the average of other sites.
26
However, the correlations between four yield components and grain yield at Taoyuan   27 or across other sites were not clear (Fig. S5) analysis, and further investigations are needed.
57
Another interesting picture in our analysis is that most of the high-yielding QTLs 58 related to spikelet number per panicle rather than other yield components (Fig. 1) . As 59 shown in Fig 1B and Fig. S2 because of its favorable ecological conditions (Ying et al., 1998; Katsura et al., 2008) 89 and in other experiment sites (Table S3) . As expected, an increase of all the yield 90 components, except grain weight, contributed to the high yield at Taoyuan (Fig. 4 
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